A B S T R A C T Electron spin resonance spectroscopy using the spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was employed to detect the formation of hydroxyl radicals (OH-) by phagocytosing polymorphonuclear leukocytes (PMN). An electron spin resonance signal with the identical g value and splitting characteristics of the (DMPO/OH) adduct was detected on incubation ofnormal PMN with opsonized zymosan. Adduct formation was strongly inhibited by superoxide dismutase and by the OH* scavenger mannitol, but catalase had little or no effect. (DMPO/OH) was not formed by PMN from a patient with chronic granulomatous disease; in contrast, adduct formation by PMN which lack myeloperoxidase was greater than normal. These findings are discussed in relation to the formation of OH-by PMN.
INTRODUCTION
The formation of hydroxyl radicals (OH )' by phagocytes and their role in microbicidal activity is the subject ofconsiderable current interest (1) . Phagocytes, when stimulated, generate both the superoxide anion (°2 ) and hydrogen peroxide (H202). The interaction of these reactants to form OH-was proposed by Haber and Weiss (2) as follows:
H202 +°O 2 02+ OH-+ OH.
Recent studies have indicated that the direct interaction of H202 and O-is slow (3), making it unlikely that OH* are generated in biological systems by the above mechanism. Rather, the current view (4) is that a trace
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The oxygen formed may be initially in the singlet form (5) . When a reaction, initiated by a°2 (and H202)-generating system, is inhibited by superoxide dismutase (SOD), catalase, and OH* scavengers such as mannitol, ethanol, or benzoate, this has been taken as evidence for the involvement of OH* generated as described above (6) . The microbicidal activity of polymorphonuclear leukocytes (PMN) is partially inhibited by SOD, catalase, and the OH-scavengers, and the involvement of OH-was therefore proposed (7) . The direct measurement of OH-by phagocytes has been attempted. Beauchamps and Fridovich (6) noted that the conversion of methional to ethylene by the 02-generating system, xanthine plus xanthine oxidase, was inhibited by SOD, catalase, and OH scavengers thus implicating OH-. Subsequent studies indicated that when stimulated by phagocytosis, PMN convert either methional (8, 9) or a closely related substance, 2-keto-4-methylthiobutyric acid (KMB) (9, 10) , to ethylene. However the role ofOH in ethylene formation by PMN has been questioned on the following grounds: (a) ethylene formation from methional or KMB can be initiated by oxidants other than OH (9) (11, 12) . tude 0.5 G, time constant 10 s, X-band frequency 9.5 GHz, field strength -3,200 G and power -1 mW.
Data analysis. The height of the second peak in the ESR spectrum, which was assumed to be roughly proportional to the amount of (DMPO/OH)-present (14) , was employed as a measure of signal intensity. Data were compared using Student's two-tailed t test for independent means unless otherwise indicated.
CH3
CH3 (Fig. 1) . This signal was not observed when either PMN or zymosan were omitted, when unopsonized zymosan was used, or when normal PMN were replaced by those of a patient with CGD ( Fig. 1, Table I ). In contrast, PMN which lack MPO formed (DMPO/OH) * in greater than normal amounts (Fig. 1 , Table I (Table II) . In contrast, catalase at 600 ,ug/ml had a modest (20%) but significant inhibitory effect which, however, was unaffected by heat treatment. This enzyme was without effect at 60 ug/ml. The results were comparable when either dialyzed or chromatographed catalase was employed. The OH scavenger mannitol at 0.06 M inhibited signal formation by 68%. Comparable results were observed with MPO-deficient PMN except that no inhibition by catalase was observed (Table II) .
DISCUSSION
Earlier studies are consistent with the following mechanism for (DMPO/OH) formation by phagocytosing PMN: PMN stimulated by phagocytosis generate°2 and by dismutation H202; O2 and H202 interact in a trace metal-catalyzed reaction to generate OH -(HaberWeiss reaction); OH is trapped by DMPO to form the (DMPO/OH). adduct. Our findings and those of Green et al. (13) generally support this mechanism, although modifications are necessary.
Our data suggest that adduct formation is dependent on°2 and is mediated by OH *; however, the inhibition by catalase is low, requires high concentrations, and is not reversed by heat treatment, suggesting little or no requirement for free H202. A possible mechanism consistent with these findings is as follows. The superoxide anion in its protonated form (HO') reacts directly with ferrous ions to form a complex:
The further reduction of this product either by O°or directly by the NAD(P)H oxidase of the PMN could theoretically yield OH-for reaction with DMPO as 114+7 (2) Catalase (600 i.g/ml)
80+7 (20) <0.01 108+13 (3) Heated 100°C, 10 (8) (9) (10) , and the susceptibility of both to inhibition by catalase is either absent or very slight (8) (9) (10) (Table II) . However (DMPO/OH) formation by PMN is more sensitive to mannitol inhibition (Table II) than is ethylene formation (8) . Further, ethylene formation by PMN is strongly dependent on MPO, whereas (DMPO/OH) formation is not. This difference is most clearly demonstrated when PMN that lack MPO are employed. Ethylene formation by MPO-deficient PMN is <10% of normal (9) , whereas (DMPO/OH) formation is greater than normal, a finding compatible with the generally increased respiratory burst by MPO-deficient PMN (1) . When purified MPO is added to MPO-deficient PMN, (DMPO/OH) formation falls, whereas ethylene formation increases (9) . A cell-free, MPO-dependent ethylene-forming model system was found with many of the properties of intact PMN (9); we could not detect (DMPO/OH)-formation by this system (data not shown). These findings suggest that the mechanisms for ethylene and (DMPO/OH) formation by PMN, although similar in some respects, are fundamentally different. Because (DMPO/OH)-formation is more sensitive to mannitol inhibition and in the absence of persuasive evidence implicating MPO in OH-forma-
